Recently, an NO2-sensitive polymeric optode membrane based on an aquacyanocobalt(III)-cobyrinate derivative and a phenoxazine derivative has been introduced. 1 Optical microsensors based on this layer have been produced, characterized and shown to be suitable for application in fire detectors, exhibiting a detection limit of 15 ppb NO2.
Introduction
Recently, an NO2-sensitive polymeric optode membrane based on an aquacyanocobalt(III)-cobyrinate derivative and a phenoxazine derivative has been introduced. 1 Optical microsensors based on this layer have been produced, characterized and shown to be suitable for application in fire detectors, exhibiting a detection limit of 15 ppb NO2. 2 In this study the reaction mechanism which occurs within the NO2-sensitive membrane was investigated in detail. Reactions occurring within the membrane were characterized by determining the reaction products and by modifying the composition of the membrane.
Since the polymer membrane only reflects the true situation in equilibrium with NO2 pressure, NMR and MS experiments were not feasible. Therefore, non-destructive investigations had to be performed on-line, during exposure to NO2. A suitable technique would be ATR FT-IR. However, using a commercial device it was found that the method is not sensitive enough to monitor species of interest within a polymeric membrane. In various experiments, though, it was possible to obtain the necessary information with UV/VIS-spectroscopy due to the fact that both membrane compounds are optically active.
In sensor technology, the interactions between the interfering species and the sensitive layer have to be studied to specify the selectivity. Unlike sensor schemes which are based only on unspecific acid/base reactions, the sensing scheme proposed here comprises a selective step. The interaction of SO2 with the sensor membrane was investigated and compared with respect to the unique affinity of aquacyanocobalt(III)-cobyrinate for nitrogen dioxide, to characterize the proposed reaction mechanism.
Experimental

Membrane preparation and reagents
The NO2-selective liquid polymeric membrane used in this study incorporated 0.13 to 2 weight% of aquacyanocobalt(III)-hepta(2-phenylethyl)cobyrinate perchlorate (nitrite-ionophore I, Fluka Chemie AG, Buchs). The chromoionophores used were ETH 5418 ([11-[(1-butylpentyl)oxy]-11-oxoundecyl-4-{[9-(dimethylamino)-5H-benzo[a]phenoxazine-5-ylidene]amino}-benzenate]) and ETH 7058 (2′,4′,5′,7′-tetraiodofluorescein octadecyl ester) in a concentration of 100 to 400 mol% relative to the cobalt complex. Poly(vinylchloride) (PVC) and DOS (bis(2-ethylhexyl)sebacate) as a plasticizer (Fluka Chemie AG, Buchs) were used as the matrix in a ratio of 1:2.
ETH 7058 was synthesized from erythrosin extra bluish (Fluka) and 1-bromooctadecane (Fluka) and purified. 3 The product was further purified with flash chromatography (silica gel 60) using CH2Cl2/acetone/triethylamine (20/5/1) as the eluent. The fraction was treated with 0.01 M HCl and shaken. The organic phase was separated and washed three times with doubly distilled water and dried over MgSO4. After filtration and evaporation of the solvents, the precipitate was dissolved in chloroform and converted into potassium salt by exposure to 0.01 M KOH. Then, the organic phase was dried with MgSO4 and evaporated. The indicator salt obtained was dried at high vacuum.
The synthesis of ETH 5418 has been described in detail elsewhere. 4 Dicyanocobalt(II)-cobyrinate (nitrite-ionophore II) was obtained from Fluka and trihexadecylamine from ICN Pharmaceuticals Inc. Gas mixtures of NO2, NO, CO and SO2 (class IV) were obtained from Carbagas (Rümlang), pure CO2 (4.8) from Messer Griesheim GmbH (Krefeld, D) and synthetic air (quality 5.5) from Sauerstoffwerk Lenzburg AG.
For determining the reaction products and measuring the absorbance and fluorescence, the membrane layers were produced on glass substrates.
Apparatus
The absorbance measurements were performed on a Specol 1100 spectrophotometer (Analytic Jena GmbH, D-07740 Jena). The fluorescence measurements were performed on a Perkin Elmer LS 50 B spectrofluorimeter using a specially designed flow-through cell at 22 ± 2˚C. 5 Membrane-covered glass plates layers were fixed in the cell and a gas stream with a flow rate of 100 ml/min was applied. Mass-flow controlers diluted 10 ppm NO2 balanced in synthetic air with a humidified carrier gas stream of synthetic air to adjust the desired NO2-concentration and humidity, as described in detail elsewhere. 2 
Determination of nitrate and nitrite within the solvent polymeric membranes
Membranes based on aquacyanocobyrinate and varying amounts of ETH 5418 were cast onto glass substrates. Polymer layers with an area of 9.6 cm 2 and a thickness of around 6 µm were produced, obtaining a weight of around 6 mg. The relatively high quantity of sensitive material allowed measurable quantities of the reaction products to be detected. A measurement cell was used so that almost the whole area of a membrane layer with a diameter of 3.5 cm was exposed to NO2. Because of the large volume of the cell lumen, the gas exchange was very slow. Therefore, a strong depletion of the sample phase occurred due to the large area of the membrane. The observed protonation degree of the chromoionophore at the adjusted NO2-concentrations was far below what it would be with a suitable setup, like that which was used with the optical chip. 2 The membranes were exposed to NO2 until the degree in protonation remained constant. The polymer layers were peeled off from the glass substrate and put in closed glass bottles with 0.5 ml doubly distilled water. After 12 h the quantity of one of the two extracted anions in 0.4 ml of the sample was determined. The proportion of nitrite in such an aqueous solution was spectroscopically determined with a diazo coupling reaction of 3-nitroaniline and N-(1-naphthyl)-ethylenediammonium dichloride. 6 The reagents were obtained from Riedel-de-Haen/Fluka (Buchs). The resulting absorbance of the azo dye was compared with a calibration curve, which was linear in the range of 0.01 -0.8 µg/ml. The aqueous solution did not contain all of the nitrite because NO2
-partly remained bound to the cobyrinate in the membrane, and some was evaporated as HNO2 from the sample solution. Therefore, membranes composed of cobyrinate and ETH 5418 were prepared and treated with aqueous solutions with known amounts of nitrite without exposing them to NO2. The quantity of the remaining dissolved nitrite was determined in exactly the same way. The quantity found was less by a factor of 2.9 (±0.9), which was used to correct the data. 2 -4 membranes were used to obtain one correlation between the determined nitrite and the applied NO2-concentration. The uncertainty of the mean values ranged from 8 -31% with increasing quantities of nitrite. The amount of nitrate was determined using an enzymatic test kit from Boehringer Mannheim (Germany). The consumption of NADPH during the reduction of NO3 -with nitrate reductase was monitored continuously and fitted to obtain more accurate results. Two membranes for the same NO2-concentration were used, and the highest deviation of the results was 6%. The membranes were dried afterwards at room temperature for several days and weighed to obtain the volume of each membrane and to calculate the original concentrations of the reaction products within the membranes.
Results and Discussion
Model of the reaction mechanism
Four reactions are proposed as the sensing mechanism of the NO2-sensitive membrane (Fig. 1) . The detection process begins with the sorption of NO2(g) into the polymer membrane (1) . In a second step NO2(m) reacts with the water molecule in the axial position of aquacyanocobalt(III)-cobyrinate perchlorate to form nitric and nitrous acid (2) . The reaction products do not remain at the cobalt center; rather, the axial position is assumed to be occupied immediately by a new water molecule from the outer sphere of the metal complex. In the third step of the reaction pathway, nitric acid protonates the chromoionophore (C), which provides the optical signal (3). Under certain conditions HNO2 protonates the chromoionophore, while nitrite is bound to the cobyrinate to yield nitrocyanocobalt(II)-cobyrinate (4) .
The proposed mechanism was tested in a series of experiments. To examine the reaction of aquacyanocobyrinate with NO2 in reaction (2) humidity conditions and with other gases, such as SO2, were performed. Additionally, when modifying the contents of the membrane the ability of other sources of H2O to react with NO2 were investigated. And finally, changes in the cobyrinate were examined by UV/VIS-spectroscopy. The reaction products in reactions (3) and (4), i.e. the nitrate and nitrite, were determined and correlated with the protonation of C. Whether a protonation of C occurs during NO2-sensing was investigated by UV/VIS-spectroscopy. Additionally, other chromoionophores were taken into account.
It was possible to identify the formation of the nitrocyanocobyrinate in reaction (4) since the cobyrinate is optically active. Observations were compared to those from the determination of nitrite.
Based on the conclusions from these experiments, a kinetic model was developed and a rate law proposed. The obtained theoretical function was compared with the experimental data of the membrane response.
Selectivity, cross-sensitivity to SO2 and the influence of humidity
Varying the thickness of the polymer layer showed that the recognition process is not restricted to the surface. Investigating reaction (2), a membrane containing the chromoionophore and a dicyanocobalt(II)-cobyrinate instead of the aquacyano derivative was found not to be sensitive to NO2. This observation is ascribed to the missing water ligand.
Unlike common metal oxide and amperometric NO2-sensors, the polymer membrane does not show any cross-sensitivity to NO or CO. It was found that no interference occurs with these two gases up to an investigated concentration of 100 ppm. It is more likely that there will be an interaction with similar acidic gases, like SO2 and CO2, depending on the ability of these gases to react with H2O. Additionally, the pKA of the produced acid will strongly influence the protonation degree of the chromoionophore. CO2 is known to dissociate only to 0.2% in water, which indicates its unreactivity. The real pKA1 value of carbonic acid is 3.88, and much higher than that of nitric acid. 7 Indeed, no cross-sensitivity to CO2 was observed at concentrations as high as 10 vol%. In the case of SO2 protonation of the chromoionophore (ETH 5418) was observed at 50% relative humidity. The signal obtained at 2 ppm SO2 was 4.2-times smaller than that with NO2 (Fig. 2) .
When performing measurements under dry conditions (RH < 1%), nearly no signal arising from SO2 was observed, unlike with NO2. Measurements covering the whole range from 0 -100% relative humidity showed that, with the NO2-sensitive membrane, the signal due to SO2 decreases with decreasing humidity. This observation suggests that SO2 reacts rather with humidity than with the aquacyanocobyrinate to form the acid for the protonation of C. To test this theory, membranes were made with potassium tetrakis[3,5-bis-(trifluoromethyl)-phenyl]borate (KTTFPB) in the presence of C, instead of aquacyanocobyrinate perchlorate to preserve ionic sites and exposed to SO2. Consistently at 50% relative humidity, the same degree of protonation was obtained, again with no signal under dry conditions.
The humidity of the carrier gas stream affects the sensitivity to NO2 in the opposite direction. The protonation obtained under dry conditions is significantly higher than that at 50% or 100% relative humidity, especially under very dry conditions (< 30% RH). Investigations of membranes containing only the aquacyanocobyrinate showed spectral changes in the metal complex when the humidity was decreased from 30% to 0%. It is assumed that, under these conditions, the major fraction of immobilized water is evaporated from the membrane, which then affects the spectrum of the cobyrinate. These changes are very fast and completely reversible, as would be expected for solvatochromism of the cobyrinate in a polymeric membrane. For a comparison, the spectra of the cobyrinate obtained with either ethanol as a protic solvent or dichloromethane as an aprotic solvent exhibit very similar differences. As can be seen in Fig. 2 , the response to NO2 under dry conditions is faster and yields a higher degree of protonation. It is assumed that water molecules within the polymer matrix hinder the protonation of C by the produced acids. Additionally, the acids are more acidic the less they are diluted with membrane water.
These investigations have shown that NO2 reacts preferably with the H2O of the aquacyanocobyrinate, rather than with membrane water, and it is this reaction which enhances the sensitivity of the membrane for NO2 over SO2. To investigate if water from the outer sphere of the cobyrinate reacted and if other sources of water could be used in this reaction, the metal complex was replaced with other compounds containing a hydration shell. It was not possible to obtain similar results to those with the aquacyanocobyrinate when membranes containing the very hygroscopic KTTFPB and C were used. Nor was it possible with membranes containing a salt of tetraoctylammonium and Phenol Red, which is known to react with CO2 to produce bicarbonate. 8 This was especially true in the case of the CO2-sensitive membrane, where we assume that the acidic gas reacts with the hydration sphere of the salt to form the acid underpins with its insensitivity to NO2 the high affinity of NO2 for the axial H2O ligand of the cobyrinate.
With other interfering gases, volatile acids, e.g. HCl, have to be considered because the chromoionophore acts as a pHindicator within the membrane. Their cross-sensitivity will therefore depend on their solubility within the polymer matrix.
Protonation of chromoionophores due to NO2
The protonation of the chromoionophore and its changes in transmission is the reaction which provides the final optical signal. The spectral changes were monitored by UV/VIS spectroscopy while exposing the membrane to NO2 and trifluoroacetic acid alternately. The decrease in the absorbance at 523 nm and the increase at 666 nm with an isosbestic point at 573 nm proved that a protonation of ETH 5418 occurred. Independent of whether NO2 or trifluoroacetic acid was used, the same changes in absorbance were observed.
Using ETH 5418 as the chromoionophore with long exposure periods to NO2 or at high concentrations of NO2, the absorbance of the protonated species started to decrease after it had reached its maximum. Simultaneously, a new absorbance band at a lower wavelength of 540 nm appeared. It is assumed that, under such conditions, nitration of the phenoxazine derivative occurs. 9 Similar observations were also made with other Nile Blue derivatives, like ETH T 6000. 10 Therefore, the use of a different type of chromoionophore, an erythrosin derivative, was considered. 2′,4′,5′,7′-Tetraiodofluorescein octadecyl ester (ETH 7058) was synthesized and converted to a potassium salt to obtain its basic form. Hence it represents a different type of chromoionophore, which is negatively charged in its deprotonated form and neutral if protonated (C -/CH). The basicity of ETH 7058 in 2-propanol/H2O-solution was determined to be 1.5 orders of magnitude lower than ETH 5418. Absorbance measurements were performed with NO2-sensitive membranes containing ETH 7058 as the chromoionophore. They showed the same response to NO2 as membranes with the Nile Blue derivative. Additionally, no decomposition or bleaching was observed. In contrast with the phenoxazine derivative, its absorbance at λmax = 549 nm decreased due to protonation with a simultaneous decrease in fluorescence at 568 nm. As shown in Fig. 3 , the fluorescence decreased due to the protonation of the chromoionophore when exposed to NO2. The forward and reverse response showed the same time constant as in the absorbance mode. Thus, no artefacts were observed. For some sensor applications the measurement of fluorescence intensity has an advantage over the transmission mode. With ETH 7058 it was shown that the uses of the NO2-sensitive membrane described here are not restricted to phenoxazine derivatives, but can handle completely different chromoionophores. This means it is possible to monitor the optical signal at any wavelength using an appropriate chromoionophore.
Determination of reaction products
According to the reaction scheme presented above, it should be possible to determine the products formed (i.e. nitrate and nitrite) in Eqs. (3) and (4) shortly after exposure to NO2 before the reverse reactions take place and gaseous acids are formed, as indicated in Fig. 1 .
To determine the amount of nitrate and nitrite produced due to NO2 absorption, exposed membranes were peeled off from the glass substrate and immersed in closed glass bottles containing doubly distilled water. The quantity of ions extracted in the aqueous solution was determined spectroscopically using an enzymatic test for nitrate and a diazo coupling reaction for nitrite (see Experimental section).
In the quantitative evaluation, the evaporation of HNO2(g) from the sample solution and the complexation of nitrite were taken into account. Membranes with a stoichiometry of 2:1 of chromoionophore:cobyrinate were produced and exposed to different NO2-concentrations in air while measuring the absorbance spectra. This allowed the relation between the acids formed and the protonation degree of the chromoionophore to be established. Because of the necessarily high membrane volumes in this experiment, relatively high NO2-concentrations had to be applied to achieve protonation (see Experimental section).
As one would expect from the reaction scheme, the amount of nitrate determined increases with increasing NO2-concentration (Fig. 4) . More surprising is the generally large quantity of nitrate compared with the protonation degree of the chromoionophore. Almost all the protonation (98%) could be explained by the reaction with HNO3. Additionally, membranes containing the cobyrinate, but without the chromoionophore, contained about 5-times less nitrate than those where the chromoionophore was included under the same conditions. Thus, reaction (2) takes place regardless of whether there is a basic compound for a further reaction. This leads to a slight accumulation of HNO3. Nitrate was found to be partly able to evaporate as HNO3(g) from the membrane, as proposed for the reverse reaction ( Fig. 1 (3) ). This derived from experiments with membranes where the time before they were immersed in water was extended and less nitrate was determined. Unfortunately, the ion pair in (3) disfavors the reversibility significantly compared with membranes without the chromoionophore.
The quantity of nitrite determined also depended on the 554 ANALYTICAL SCIENCES APRIL 2003, VOL. 19 Fig. 3 Fluorescence spectra of the NO2-sensitive optode membrane containing ETH 7058. A decrease in the fluorescence intensity was observed when exposed to 500 ppb NO2. The emission spectra were recorded with the excitation wavelength set to 520 nm in time intervals of 2 min. Fig. 4 Quantity of nitrate produced within the membrane due to different concentrations of nitrogen dioxide. For all measurements the protonation of the chromoionophore could only be due to nitric acid, as deduced from the amount of nitrate, which is represented in a ratio to the total amount of chromoionophore.
applied NO2-concentration (Fig. 5 ). More nitrite was found with increasing the partial pressure of NO2 until the final protonation degree of the chromoionophore was 20%. However, with higher concentrations of NO2 the nitrite determined started to decrease. In membranes which show a protonation degree higher than 40%, the amount of nitrite is several-times smaller than the amount of nitrate. We claim that this is due to the different acidities of the two acids, which compete for protonation of the same chromoionophore, but exhibit different rate constants. HNO2 can easily evaporate out of the membrane, as confirmed by lengthening the time before the membrane was immersed in water to extract nitrite. To demonstrate how the formation of nitrite depends on the applied NO2-concentration, numerical simulations were performed. The simulation program consisted of a set of differential equations describing the concentration changes in each species involved in the reactions, (2) -(4). Maintaining the relation kd2 > kd3 > kd4, the same nitrite formation trend was found. At low concentrations of NO2, nitrite and more nitrate were produced. With an increase in the NO2-concentration, the formation of anions increased. If a certain NO2-concentration was exceeded, the initial slope of the nitrite formation began to level off due to the fast decrease in the available chromoionophore, caused by reaction (3). At more increased NO2-concentrations this slope approached zero, and therefore no nitrite was produced.
In the samples with the highest amount of nitrite, protonation of the chromoionophore could have been raised to 50% due to nitrous acid. The results obtained from the nitrite and nitrate analysis also showed that generally higher concentrations of acids are produced than would actually be expected upon protonation of the chromoionophore. This shows that, with long-term exposures to NO2, the membrane matrix becomes highly acidic, especially due to HNO3. This greatly affects how readily the chromoionophore in the membrane subsequently deprotonates, which is the reverse response of the sensor membrane.
An important observation was that no nitrite was found in membranes without chromoionophore, independent of the NO2-concentration applied. Unlike nitric acid, HNO2 does not remain, or does not dissociate, in the polymer matrix if it cannot react with the chromoionophore. Instead, it evaporates with the applied gas stream.
This result is in agreement with observations made during spectroscopic investigations of aquacyanocobyrinate within the membrane, as shown in the next section.
Spectroscopic investigations of aquacyanocobyrinate
The aquacyanocobalt(III)-cobyrinate perchlorate is itself optically active in the UV/VIS region, but its molar absorption coefficient is smaller by a factor of 3 than that of the Nile Blue derivative. If polymeric membranes are produced that contain a relatively high amount of 2.7 wt% of the cobyrinate only, the changes in the absorbance of the metal complex due to the interaction with gases can be investigated. When such a membrane was exposed to concentrations of up to 100 ppm NO2, no changes in the UV/VIS spectrum could be observed. As shown above with the determination of nitrate, reaction (2) does occur in such a membrane. The missing spectral change is in agreement with the assumption that water is supplied very fast to the axial position of the cobyrinate. This experiment also shows that the nitrogen dioxide, itself, is not bound to the cobyrinate.
In membranes containing only the cobyrinate, nitrate was determined, but no nitrite was found. Aquacyanocobyrinate is known to bind nitrite, and its visible spectrum shifts to higher wavelengths due to the exchange of the H2O-ligand in the axial position with an electron donor, like nitrite. 5, 11 A possible explanation is that the produced HNO2 does not dissociate if a base (like ETH 5418) is missing within the membrane, but, rather, it evaporates out of the polymer layer. Therefore, membranes were produced containing a lipophilic amine as a substitute for the chromoionophore to simulate the complete NO2-membrane with basic sites but without a Nile Blue derivative, which would hide the VIS-spectrum of the cobyrinate. Because of the ability of amines to coordinate to various metal centers, the amine used was trihexadecylamine, which is sterically hindered, so that it cannot bind itself in the neutral form to the cobyrinate.
In fact, with such a membrane a shift of the cobyrinate to higher wavelengths could be observed at NO2-concentrations of 2 ppm and lower (Fig. 6) containing only the cobyrinate upon exposure to an aqueous nitrite solution. In addition to the determination of nitrite, this experiment shows that reaction (4) does occur during NO2-sensing.
An important observation was that, at the same NO2-concentration, the spectral changes of the cobyrinate took longer compared with the changes of the chromoionophore within a membrane of appropriate composition. This is not an effect of the different basicities, because the pKA-value for C was 9 in a PVC/DOS membrane, and estimated to be 6.8 in water. 4 Therefore it is even lower than with tertiary amines, which have a pKA of 10 -11 in aqueous solutions. We expect that within the membrane, this value will be higher rather than lower. This supports the assumption that reaction (4) is slower than reaction (3), and that the protonation occurs mostly as a result of nitric acid and not nitrous acid. The binding of nitrite was found to be only partly reversible, which would explain the observed decrease in sensitivity when a membrane is exposed to NO2 several times.
This could be avoided using a chromoionophore with a lower pKA-value to suppress reaction (4). Thus, the chromoionophore would be protonated only due to HNO3, and HNO2 would not dissociate. However, with such a membrane a decrease in sensitivity must be expected.
Conclusions
By determining the reaction products, studies with different membrane compositions and investigations with SO2, it has been shown that the sensitivity and selectivity of the NO2-sensitive membrane described here derive from the unique reaction of NO2 with the H2O of the aquacyanocobalt(III)-cobyrinate in which nitric and nitrous acid are formed. It was found that either the axial position is immediately occupied with a new water molecule from the outer-sphere of the metal complex or a second H2O-molecule nearby, connected by a hydrogen bond, reacts with NO2 and the coordinated H2O plays an active role as a catalyst. This finding is based on spectral investigations of membranes containing the cobyrinate alone (without chromoionophore), where no changes in the UV/VISspectrum could be observed due to exposure to NO2, while reaction (2) did occur as it is derived from the determination of reaction products. In a theoretical study based on density functional theory calculations, it was shown that, in homogeneous gas-phase hydrolysis a second or even third hydrogen bonded water molecule participates in the reaction and plays an active role as a catalyst. 12 Therefore, in the case of the aquacyanocobalt(III)-cobyrinate it might be feasible that one or rather two water molecules are hydrogen bonded to the H2O ligand and it is one of them which reacts with NO2 while the molecule bonded to the metal center catalyzes the reaction. Such an arrangement might be the reason for a high reaction rate of reaction (2) and explain the high sensitivity of this sensor membrane.
The optical signal obtained with the NO2-sensitive membrane is caused mainly by protonation of the chromoionophore with HNO3 and to a lesser extent with HNO2. Due to the high acidity of nitric acid (pKA = -1.4), this reaction is more dominant than the protonation with nitrous acid (pKA = 3.3). It was found that at high concentrations of NO2 protonation occurs nearly only due to nitric acid. Under these conditions most of the HNO2 formed evaporates from the membrane. Therefore, no nitrite remains within the membrane, as was the case when determining the reaction products. The protonation with HNO2 and the simultaneous binding of nitrite occurs at low concentrations of NO2 with long exposure times. It was shown that nitrocyanocobalt(II)-cobyrinate is formed only if a basic species like the chromoionophore is involved. It was also shown that the optical signal derives from a protonation of the chromoionophore with the acids formed and that nitrozation can occur as a side reaction while using phenoxazine derivatives.
Unlike with metal oxide semiconductor layers, the principle described here shows the advantages of a specific reaction to obtain a high selectivity. Additionally, with a consecutive second reaction, transduction is possible, so that optical sensor schemes, which are favored in many applications, may be used.
